The purpose of the present investigation was to define for young, middle-aged, and older adults the optimal frequency (cies) to record both the cervical vestibular-evoked myogenic potential (cVEMP) and the ocular vestibular-evoked myogenic potential (oVEMP). Further, this study aimed to describe age-related changes in the tuning of these two vestibular-evoked myogenic potentials.
INTRODUCTION
When an acoustic stimulus of sufficiently high intensity is presented to an ear, a series of reflexes are triggered, which include short-latency sound-evoked activations, and, soundevoked inhibitions of electromyographic (EMG) activity. These sound-evoked muscle reflexes can be easily recorded with surface electrodes placed on either the sternocleidomastoid muscle (SCM), or, in proximity to the inferior oblique muscle (Colebatch & Halmagyi 1992; Rosengren et al. 2005; Todd et al. 2007 ). These evoked responses are referred to as vestibularevoked myogenic potentials (VEMP). A VEMP recorded from the SCM is commonly referred to as the cervical vestibularevoked myogenic potentials (cVEMP) and a VEMP recorded from surface electrodes placed beneath the eyes has been termed the ocular vestibular-evoked myogenic potentials (oVEMP). cVEMPs and oVEMPs are used clinically to assess the function of the saccule, utricle, and the inferior and superior portions of the vestibular nerve. The end organ generator of the cVEMP is the saccule (Colebatch & Halmagyi 1992; Colebatch et al. 1994; McCue & Guinan 1994) . Unlike the cVEMP, the oVEMP may depend upon utricular as well as saccular inputs (Curthoys 2010; Halmagyi & Carey 2010; Manzari et al. 2010; Murofushi et al. 2010; Rosengren et al. 2010; Govender et al. 2011) .
Both the cVEMP and oVEMP can be recorded across the lifespan; however, the responses are often reduced in amplitude, or absent, in older individuals. Age-related changes in both the cVEMP and oVEMP are well documented and appear to be very similar for both responses (Welgampola & Colebatch 2001b; Ochi & Ohashi 2003; Su et al. 2004; Zapala & Brey 2004; Basta et al. 2007; Brantberg et al. 2007; Iwasaki et al. 2008; Nguyen et al. 2010; Tseng et al. 2010) . The most consistent age-related finding is a decrease in peak-to-peak amplitude and an increase in threshold (i.e., threshold occurring at higher stimulus levels) with increasing age. Reportedly up to 40% of otologically and neurologically intact adults older than 60 years of age do not generate a cVEMP in response to an air-conduction tone burst at 500 Hz (Su et al. 2004) . Absent oVEMPs in response to the same stimulus have been reported in 25% of normal adults over 60 years of age (Piker et al. 2011) . When a VEMP response is bilaterally absent in an older adult, it can be difficult to interpret. The individual may have a bilateral otolith impairment, or, the VEMP could be absent for reasons unrelated to the individual. In other words, the absence of a VEMP in an elderly patient may be due to an impairment occurring anywhere along the VEMP reflex pathway, or may be due to the recording or stimulus parameters used to elicit the response (e.g., stimulus level, stimulus intensity, type of stimulus such as acoustic stimulation versus a more natural vestibular stimulus such as head decelerations/accelerations).
It should be noted that 500 Hz air-conducted (AC) oVEMPs are also absent in young normal adults a proportion of the time (Chihara et al. 2007; Cheng et al. 2009; Wang et al. 2009 Murnane et al. 2011 Rosengren et al. 2011) . The absence of oVEMP responses observed in young adults has been attributed to vertical gaze elevation or stimulus level. The response prevalence rate increases when stimulus level increases and when the vertical gaze elevation is increased from 20° to maximum Rosengren et al. 2011) . Thus, the absence of VEMP responses in normal individuals may be due to a number of factors including inadequate vertical gaze elevation, limitations in maximum stimulus levels produced by commercially available evoked potential systems, or the frequency of the stimulus used to elicit the response. One could argue that changing stimulus frequency (i.e., when the response is absent at 500 Hz) is preferable for patient comfort and safety to increasing stimulus level as the dB peak SPL levels routinely used to elicit AC VEMPs may exceed 127 pSPL. In other words, using an optimal stimulus frequency might increase the response prevalence rate in young adults as well as older adults.
Investigators have examined the effects of different stimuli on the recordability of the VEMP (Murofushi et al. 1999; Sheykholeslami et al. 2001; Welgampola & Colebatch 2001a; Akin et al. 2003; Rauch et al. 2004; Node et al. 2005; Lin et al. 2006; Timmer et al. 2006; Chihara et al. 2009; Donnellan et al. 2010; Lewis et al. 2010; Park et al. 2010; Murnane et al. 2011; Zhang et al. 2011; Winters et al. 2012 ). These reports have indicated that there is tuning in the vestibular system. That is, certain acoustic frequencies evoke larger amplitude VEMPs at lower threshold levels, at least in young healthy individuals. For example, Welgampola and Colebatch (2001a) measured cVEMP responses that were generated using AC tone bursts at 100 Hz increments between 200 and 1000 Hz. They observed the largest cVEMP amplitude in response to tone bursts occurring between 600 and 1000 Hz, with a mean of ~700 Hz (Welgampola & Colebatch 2001a) . Park et al. (2010) measured oVEMP responses to AC frequencies of 250, 500, 1000, and 2000 Hz in 20 normal adults. Mean amplitudes were largest at 500 and 1000 Hz (i.e., each with a mean value of 5.7 µV), with VEMP amplitude substantially smaller at both 250 Hz (3.0 µV) and 2000 Hz (3.2 µV). Similarly, Lewis et al. (2010) reported the greatest oVEMP amplitude in response to AC tone bursts at 1000 Hz for 67% of their participants. Other human studies have shown very similar results with the maximum cVEMP and oVEMP recorded in response to AC tone bursts between 500 and 1000 Hz (Murofushi et al. 1999; Akin et al. 2003; Rauch et al. 2004; Node et al. 2005; Lin et al. 2006; Timmer et al. 2006; Chihara et al. 2009; Murnane et al. 2011; Winters et al. 2012) . The finding that mid frequency AC tone burst stimuli yield larger VEMP responses at lower threshold levels has been offered as evidence of tuning in the vestibular system. In fact, most of the investigations examining the effects of stimulus frequency on the cVEMP and oVEMP have reported no statistically significant differences in response amplitude for stimulus frequencies between 500 and 1000 Hz. In practice, VEMPs are routinely recorded in the clinic using a 500 Hz tone burst because that frequency falls within the range where VEMP amplitude is largest and threshold is lowest.
In summary, all of the aforementioned studies show toneburst frequencies yielding the largest cVEMP and oVEMP amplitude and lowest threshold in young normal adults occur at ~500 Hz. For this reason 500 Hz has been the frequency most often recommended to record both the cVEMP and oVEMP (e.g., Jacobson & McCaslin 2007; Akin & Murnane 2008) . Several investigators have suggested that in vestibular systems structurally damaged by pathology, specifically Ménière's disease, the best frequency to record the VEMP shifts from 500 Hz in normal adults to 1000 Hz in adults with Ménière's disease (Rauch et al. 2004; Node et al. 2005; Lin et al. 2006; Winters et al. 2011) . It is currently unknown whether age-related structural changes in the vestibular system may also alter the tuning of the system. If this is true, then it might be possible to alter the stimulus parameters, specifically the stimulus frequency, to increase the likelihood of obtaining a VEMP. That is, the use of an age-adjusted optimal stimulus protocol for recording the VEMPs might have the effect of improving the recordability of the response, and accordingly, improving the overall sensitivity of the diagnostic test battery for the identification of vestibular impairments.
We hypothesized that age-related changes in the saccule and utricle would alter the tuning of the end organ. Thus, the purpose of the present investigation was to define for young, middle-aged, and older adults the optimal frequency (cies) to record both the cVEMP and the oVEMP. Further, it was the objective of this study to describe age-related changes in the tuning of these VEMPs.
PARTICIPANTS AND METHODS

Participants
All participants were recruited from Vanderbilt University and Vanderbilt University Medical Center. Thirty-nine individuals met inclusion criteria and participated in this investigation (i.e., mean age 46.3 ± 15.7 years; range = 22 to 78 years; 15 men). Participants were equally divided into 3 age groups of 13 participants each: young adult (18 to 39 years), middle age (40 to 59 years), and old adult (≥60 years). Data were obtained from one ear of the 39 participants (i.e., left ear of the odd-numbered participants and right ear of the even-numbered participants), yielding data from 20 left ears and 19 right ears. The study was approved by the institutional review board at Vanderbilt University, and all participants provided full informed consent.
Screening
To assess auditory sensitivity and middle-ear status, airconduction threshold testing was conducted at 250, 500, 1000, 2000, 4000, and 8000 Hz and bone conduction threshold audiometry was conducted at 500, 1000, 2000, and 4000 Hz. Tympanometry and ipsilateral acoustic reflex testing at 1000 Hz was also completed. In addition, we screened for the presence of a cVEMP and oVEMP in both ears using tone-burst frequencies 500, 750, and 1000 Hz presented at 127 dB pSPL. To be enrolled in this investigation, participants could not present with a conductive hearing loss or an audiometric asymmetry of 15 dB or greater at any frequency and had to be able to produce a VEMP at 500, 750, or 1000 Hz. One participant presented with an asymmetrical hearing loss and was excluded from the study. Three participants did not produce a VEMP during the screening process; they were 60 years of age or older and were excluded from the study. Additional exclusion criteria for all participants included past or present complaints of dizziness or imbalance, known otologic disease, neurologic disease, or known disease affecting the cervical vertebrae or spinal cord.
Procedures
Disposable silver/silver-chloride electrodes were used to record the VEMPs. To record the cVEMP, the noninverting electrode input was placed on the ipsilateral (i.e., with reference to the ear stimulated) SCM midway between the insertion of the muscle at the mastoid and sternum. The inverting electrode was placed on the chin. The ground electrode was placed at Fpz. Individual electrode impedances were ≤10 kOhms. A running average of the root mean square amplitude of the EMG from the bipolar electrode montage was monitored visually by the patient using a second evoked potential machine that contained an EMG feedback system (Interacoustics Eclipse, Assens, Denmark).
This feedback system enabled participants to maintain their tonic EMG at a level between 50 and 200 µV.
The oVEMP was recorded with a 2-channel recording system. Noninverting electrodes were placed below the center of each lower eyelid of both the ipsilateral and contralateral eye (i.e., with reference to the ear being stimulated). The inverting electrodes were placed 2 to 3 cm inferior to the active electrodes. The ground electrode was placed at Fpz. Individual electrode impedances were ≤10 kOhms.
Participants were placed in a semirecumbent position in a comfortable reclining chair for recording the cVEMP. Participants sat upright for the oVEMP recordings. To record the cVEMP, participants were asked to lift their heads up from a headrest and turn their heads away from the ear that was being stimulated. To record the oVEMP, participants were instructed to direct their gaze to a visual target at a vertical elevation of ~30° from center gaze. Participants maintained these positions during data collection and were asked to rest while data collection was paused. Participants were given rest periods as needed. All recordings were replicated a minimum of one time.
The stimuli for both the cVEMP and oVEMP recordings were presented monaurally through Etymotic ER-3A insert earphones. Stimuli were 125, 250, 500, 750, 1000, 1500, and 2000 Hz Blackman-gated tone bursts with a 2 msec rise/fall and 2 msec plateau (Neuroscan STIM; Neuroscan Compumedics, Herndon, VA). Each tone-burst stimulus was calibrated via a Larson-Davis System 800B Precision Integrating Sound Level Meter coupled with a Larson-Davis model 2575 1-in microphone connected to the sound source with a 2-cc coupler. The frequency spectra were analyzed using an Agilent Dynamic Signal Analyzer (model 35670A). Each stimulus block (i.e., each run) consisted of the seven test frequencies presented in a randomized sequence at a rate of 5.1/second. Each run lasted ~30 seconds, with ~30-second rest periods between runs, and each individual frequency was presented a total of ~150 times. We believed that this unique stimulus paradigm would distribute evenly the effects of muscle fatigue. The tone bursts were presented at three different levels: 117, 122, and 127 dB pSPL. Only the responses to 127 dB pSPL stimuli will be reported for purposes of this investigation (i.e., effects of aging on VEMP tuning) because no amplitude saturation was observed and the response rate was greatest at this level for all participants.
The bioelectrical activity was amplified and analog filtered (5 to 500 Hz) with a commercially produced multichannel neurophysiological amplifier (Neuroscan Synamp; Neuroscan, Inc.). For each single record the EMG activity was digitized (i.e., at a rate of 5000 Hz) and recorded as a continuous 1-channel recording on an electrophysiological recording system (Neuroscan Acquire; Neuroscan Inc.). A second channel contained unique triggers associated with the 7 stimulus frequencies. Data were off-line epoched into segments of EMG associated with stimulus onset. The data for each frequency were signal averaged separately.
For each individual, VEMPs were derived from the seven frequencies. All responses were repeated and the two runs were grand averaged. A present cVEMP was defined as an initial positive peak (i.e., occurring at ~15 msec) followed by a subsequent negative peak (i.e., occurring at ~25 msec). The first positive peak of the averaged run was labeled as p1 and the following negative peak labeled n1. p1 absolute latency and p1-n1 peakto-peak amplitudes were measured and tabulated. Only the contralateral oVEMP response was used for the analysis. A present oVEMP was defined as an initial negative peak (i.e., occurring at ~10 msec) with a subsequent positive peak (i.e., occurring at ~15 msec). The first negative peak of the averaged run was labeled as n1 and the next positive peak as p1. n1 absolute latency and n1-p1 peak-to-peak amplitude was measured and tabulated. An absent response was assigned an amplitude value of 0 µV, and the latency value was considered missing data.
Last, in an effort to account for the possibility that the differences in VEMP frequency tuning among participants were due to differences in the transmission of the air-conduction stimuli through the middle ear, the status of the middle ear was assessed using the Mimosa Acoustics HearID middle ear power analyzer (MEPA3; Mimosa Acoustics, Champaign, IL). The MEPA3 can be used to assess the status of the middle ear and provides a measurement of how the middle ear filters the sound it receives. In other words, when sound is presented to the ear, some of the sound is absorbed by the middle ear and some of the sound is reflected from the eardrum, and this varies by frequency. Power reflectance is defined as the percentage of reflected power to incidental (total) power. Power absorption is the percentage of the absorbed power to the incident power, and mirrors the results of power reflectance. Power transmittance is the power absorption converted to a decibel scale.
Because VEMP tuning using air-conduction stimuli represents the interaction between the tuning of both the vestibular and middle ear systems, MEPA measurements were completed for each participant either before or after the VEMP recordings. The MEPA3 system was calibrated before each recording session using a four-chamber coupler (model: CC4-V) in accordance with manufacturer guidelines. A probe tip (Etymotics ER10C) was used to deliver sound into the external ear canal. An in-the-ear pressure calibration was performed for each participant, for each ear, before the MEPA measurement. The stimulus was a "chirp" presented at 60 dB SPL over a measurement time period of 1 second. The MEPA measurement was completed a minimum of two times for each ear.
Statistical Analysis
The data were analyzed using SPSS version 20.0 (SPSS, Inc., Chicago, IL). A repeated-measures analysis of variance using a 3 × 7 mixed design with a between-participants factor of age group (young, middle age, and old adult age groups), and a within-participants factor of frequency (7 frequencies) was used to assess the effects of age group and stimulus frequency on the amplitude of the VEMP. The degrees of freedom for main effects were corrected using Greenhouse-Geisser estimates of sphericity whenever Mauchly's test indicated that the assumption of sphericity had been violated. Pairwise comparisons using Bonferroni corrections were conducted when appropriate. Figure 1 shows the individual (left column) and grand average (right column) cVEMP waveforms in response to 127 dB pSPL stimuli at 125, 250, 500, 750, 1000, 1500, and 2000 Hz. The first positive peak is labeled p1 and the next negative peak is labeled n1. The mean p1-n1 peak-to-peak amplitude across stimulus frequencies from each age group and for the total cohort is shown in Table 1 . The largest mean p1-n1 peakto-peak amplitude occurred at 750 Hz. Table 2 shows the cVEMP response rate for each age group across stimulus frequencies. The cVEMP response rate was highest at 750 and 1000 Hz (i.e., 39 of 39 participants; 100%). The response rate decreased marginally at 500 Hz (i.e., 38 of 39 participants; 97%). Response rates were poorest at the lowest and highest frequencies and tended to decrease as age increased.
RESULTS
Cervical Vestibular-Evoked Myogenic Potential
The frequency resulting in the largest response amplitude (i.e., the "best frequency") for each individual participant was always 500, 750, or 1000 Hz, with the exception of a single participant who showed the largest response at 1500 Hz. The majority (i.e., 85%) of the young age group showed largest amplitudes at either 500 or 750 Hz, with 15% showing the best amplitude at 1000 Hz. In contrast to this, no one in the old adult group demonstrated the largest amplitude at 500 Hz. However, 62% of the old adult group showed the maximum amplitude at 750 Hz and 38% at 1000 Hz. The best frequency (i.e., frequency yielding the largest cVEMP amplitude) for the middle age group was evenly split at 31%, 31%, and 31% for 500, 750, and 1000 Hz, respectively, with one participant (7%) showing a best frequency at 1500 Hz.
The p1-n1 peak-to-peak amplitude of the cVEMP varied with age group and stimulus frequency. Main effects of frequency on cVEMP amplitude (F[3.079, 110.862] = 61.055; p < 0.001) and age group (F[2, 36] = 8.485; p = 0.001) were significant. In addition, there was a statistically significant frequency by age group interaction (F[6.159, 110 .862] = 4.892; p < 0.001).
Given the differences in cVEMP amplitude across age groups (as shown in Fig. 2A) , we reanalyzed the data using normalized amplitudes from each participant, at each frequency (f), expressed as a ratio of the largest measured amplitude (i.e., at fmax Hz). Thus, the normalized amplitude for a given frequency was equal to amplitude(f)/amplitude(fmax) and expressed on a scale from 0 to 1.0. Repeated-measures analysis of variance were completed using the normalized amplitude values. Results continued to show a significant main effect of frequency (F[4.156, 149 .616] = 99.445; p < 0.001), age group (F[2, 36] = 4.777; p = 0.014), and a significant frequency by age-group interaction (F[8.312, 149 .616] = 3.080; p = 0.003).
Pairwise comparisons of the normalized amplitudes indicated that cVEMP amplitude decreased with increasing age. The mean amplitude for the young adult age group was significantly larger than that for both the middle age and old adult age groups. The mean amplitude for the middle age group was significantly larger than that of the old adult group. Stimulus frequencies 500, 750, and 1000 Hz produced significantly larger amplitudes than 125, 250, 1500, and 2000 Hz stimulus frequencies. However, no significant pairwise differences in mean amplitude were observed between 500, 750, and 1000 Hz.
The significant interaction effect suggests the magnitude of the frequency effect on cVEMP amplitude varied by age group. Tuning curves based on normalized amplitudes were constructed in an effort to examine more closely the effect of tone-burst frequency on the cVEMP as a function of age group. The normalized tuning curves for each age group are shown in Figure 2B . In general, the tuning of the cVEMP is quite broad and reaches a peak between 500 and 1000 Hz. All three age groups showed similar response amplitudes at Fig. 1 . The effect of stimulus frequency on the cVEMP. The individual cVEMP waveforms from all 39 participants (including those responses classified as "absent" and entered into the database with an amplitude value of 0 µV) are in the left column and the corresponding grand average waveforms are in the right column. The first positive peak is labeled p1 and the next negative peak is labeled n1. Stimulus level was 127 dB pSPL. cVEMP, cervical vestibular-evoked myogenic potential; n1, negative peak; p1, positive peak. Means (and standard deviations) for the p1-n1 peak-to-peak cervical vestibular-evoked myogenic potential amplitudes across frequencies measured in uV 750 Hz. The difference among the three age groups was more pronounced at the other frequencies. If we focus on the three best frequencies (i.e., 500, 750, and 1000 Hz), the young adult group clearly showed a larger response at 500 Hz compared with the other age groups. In contrast, the middle age and old adult group showed a larger response at 1000 Hz compared with the young adult group. This effect was most pronounced between the young adult and old adult groups. These findings suggest that the best frequency shifted to a slightly higher frequency for the old adult group. Figure 3 shows the individual (left column) and grand average (right column) oVEMP waveforms in response to 127 dB pSPL stimuli at 125, 250, 500, 750, 1000, 1500, and 2000 Hz. The first negative peak is labeled n1 and the next positive peak is labeled p1. The mean n1-p1 peak-to-peak amplitude across stimulus frequencies from each age group and for the total cohort is shown in Table 3 . As with the cVEMP, the largest average peak-to-peak amplitude occurred at 750 Hz. Table 4 shows the oVEMP response prevalence rate for each age group across stimulus frequencies. The oVEMP response rate was highest at 750 and 1000 Hz (i.e., 39 of 39 participants; 100%). The response rate decreased slightly to 95% (i.e., 37 of 39 participants) at 500 Hz and continued to fall at the lowest and highest frequencies. The response rate tended to decrease as age increased.
Ocular Vetibular-Evoked Myogenic Potential
As with the cVEMP, the frequency resulting in the largest response amplitude (i.e., best frequency) for each individual participant was always 500, 750, or 1000 Hz. The majority (i.e., 92%) of participants in the young adult age group showed the best amplitudes at either 500 or 750 Hz with only one participant showing the best frequency at 1000 Hz. In contrast to this, no one in the old adult age group demonstrated a best frequency at 500 Hz. However, 38% of participants in the old adult group showed the greatest amplitude at 750 Hz and 62% at 1000 Hz. The best frequencies for the middle age group were evenly split at 500 Hz (31%), 750 Hz (38%), and 1000 Hz (31%).
We conducted the same analysis on oVEMP peak-to-peak amplitude as we did with the cVEMP. Main effects of frequency on oVEMP amplitude (F[2.553, 84 .261] = 58.626; p < 0.001) Fig. 2 . Diamonds represent the mean p1-n1 amplitude of the young adult group, squares represent the middle age group, and triangles represent the old adult group. When shown, error bars indicate ± 1 SD. A, The peak-to-peak amplitude of the cVEMP as a function of stimulus frequency for each age group. B, cVEMP tuning curves from mean normalized peak amplitudes from all 3 age groups. C, The peak-to-peak amplitude of the oVEMP as a function of stimulus frequency for each age group. D, oVEMP tuning curves from mean normalized peak amplitudes from all 3 age groups. cVEMP, cervical vestibular-evoked myogenic potential; n1, negative peak; oVEMP, ocular vestibular-evoked myogenic potential; p1, postitve peak.
and age group (F[2, 36] = 4.655; p = 0.017) were statistically significant. There was also a statistically significant frequency by age-group interaction (F[5.107, 84 .261] = 2.646; p = 0.028). We reanalyzed the data using normalized amplitudes from each participant. Results showed a significant main effect of frequency on oVEMP amplitude (F[3.900, 140.391] = 94.030; p < 0.001; see Fig. 2C ). Though the mean oVEMP amplitude tended to decrease with age, an examination of the normalized amplitudes showed there was no significant main effect of age group (F[2, 36] = 1.697; p = 0.197). The frequency by age-group interaction was not significant (F[7.800, 140 .391] = 1.513; p = 0.160).
Pairwise comparisons of the normalized amplitudes indicated that stimulus frequencies 500, 750, and 1000 Hz produced significantly larger oVEMP amplitudes than 125, 250, 1500, and 2000 Hz. No significant differences were observed between oVEMP mean amplitudes obtained in response to 500, 750, and 1000 Hz tone bursts. In contrast to the cVEMP, age group did not have a significant effect on the normalized amplitudes.
oVEMP amplitude tuning curves were created based on mean normalized amplitudes (see Fig. 2D ). As shown in Figure 2D , the normalized tuning curves peaked between 500 and 1000 Hz, and amplitude values were reduced significantly at the lower and higher frequencies. Though there was no significant interaction effect, a difference among the age groups is observed with the young adult group showing a clear response peak at 750 Hz and the old adult group showing the greatest response at 1000 Hz.
Middle Ear Power Reflectance
Qualitatively, middle ear power reflectance varied by frequency. Higher power reflectance values were observed below 1000 Hz and above 5000 Hz. At the lower and higher frequencies a larger proportion of the incident power was reflected back out through the ear canal. Results were plotted and appeared as a U-shaped curve that approximated the middle ear transfer function. These results were similar to previous investigations examining middle ear power reflectance in adults without middle ear pathology (e.g., Feeney & Sanford 2004; Allen et al. 2005 ) and were consistent across age groups. In other words, the tendency for the best VEMP frequency in older adults to be at a higher frequency was independent of the middle ear transfer function.
DISCUSSION
The purpose of this investigation was to characterize the tuning of the cVEMP and oVEMP and assess the effect of age on the tuning of these responses. Previous investigators have reported a best frequency for both the cVEMP and oVEMP at ~500 Hz. Our findings are consistent with others that have shown 500 to 1000 Hz as the optimal stimulus frequency range. The present investigation provides additional evidence that 500 Hz is not always the best frequency. For some participants, 750 or 1000 Hz may be the best frequency.
Given that there was no single best stimulus frequency but instead a range of best frequencies, it is clear that, unlike the auditory system, the vestibular system is not sharply tuned. In Fig. 3 . The effect of stimulus frequency on the oVEMP. The individual oVEMP waveforms from all 39 participants (including those responses classified as absent and entered into the database with an amplitude value of 0 µV) are in the left column and the corresponding grand average waveforms are in the right column. The first negative peak is labeled n1 and the next positive peak is labeled p1. Stimulus level was 127 dB pSPL. n1, negative, oVEMP, ocular vestibular-evoked myogenic potential; p1, positive peak. this regard, it is not clear what benefit sharp tuning would provide the vestibular system. Tuning of the otolith end organs has been attributed to the elastic and inertial properties of the end organs, the mechanical resonance of individual stereocilia, and/ or the electrical tuning of the hair cells (Fernandez & Goldberg 1976; Young et al. 1977; Crawford & Fettiplace 1981; Holton & Hudspeth 1983; Fettiplace & Fuchs 1999; Welgampola & Colebatch 2001a) . The physical mass of the saccule and utricle and the way they are attached to the temporal bone contribute to their inertial properties and passive resonance. In other words, a smaller (i.e., less massive), and more rigidly attached (i.e. stiffer) end organ should resonate at a higher frequency than a larger (i.e., more massive) and more mobile ((i.e., more compliant) end organ. Also, stereocilia behave as mechanical resonators with the resonant frequency being a function of the stereocilia's stiffness and mass. Thus shorter and stiffer stereocilia should resonate at a higher frequency (Fettiplace & Fuchs 1999) . The electrical tuning of a hair cell is determined by the number of potassium (K + ) channels (Fettiplace & Fuchs 1999; Steinacker 2004) . The cell's resonant frequency is correlated with the number of K + channels, with more channels producing a higher resonant frequency (Fettiplace & Fuchs 1999; Steinacker 2004 ). Thus, the term "resonant frequency" or perhaps best frequency may be the most accurate term to use when describing the effects of stimulus frequency on the vestibular system. In the auditory system, the basilar membrane is sharply tuned in young healthy individuals. The better the physiological condition of the cochlea, the sharper the tuning (Moore 1998) . Accordingly, we hypothesized that the better the physiological condition of the saccule and utricle, the sharper would be vestibular tuning. In other words, we hypothesized that damage to the saccule or utricle, as a result of aging, would alter the resonant frequency of the end organ thus altering the tuning characteristics of the vestibular system. Consistent with the findings of previous investigators, we observed an effect of age on the amplitude of both the cVEMP and oVEMP. Remember that the tonic EMG level of the SCM was maintained within a range of 50 to 200 uV during the recording of the cVEMP. Accordingly, it is possible that if older adults maintained lower EMG values during data collection that the lower EMG level contributed, at least in part, to the age-related cVEMP amplitude reduction observed in older adult groups . Still, this does not explain the reduced oVEMP in older adults. The effect of age was more pronounced for the cVEMP where amplitudes from both the middle age and old adult groups were significantly smaller compared to the young adult group. In comparison, oVEMP amplitudes were significantly smaller for the old adult group only. What was particularly interesting, however, was the interaction between age group and stimulus frequency. The effect of stimulus frequency on the amplitude of the cVEMP differed by age group, with the young adult group showing a response peak at 750 Hz and the old adult group showing a peak at 1000 Hz. In contrast, the effect of stimulus frequency on the amplitude of the oVEMP was not significantly different across age groups. However, qualitatively older adults demonstrated a slightly higher best frequency compared with young adults. Overall, aging does appear to affect the tuning of both VEMPs, and the effect is greater for the cVEMP than the oVEMP. It has been suggested that the utricle makes a greater contribution to the AC oVEMP than to the AC cVEMP. It is possible that the changes we have shown may be reflective of the greater age-related changes in the structure of the saccule compared with the utricle reported in the literature (Schuknecht et al. 1965; Johnsson 1971; Rosenhall 1973; Ross et al. 1976; Richter 1980; Igarashi et al. 1993) .
Several investigators have proposed that the frequency tuning characteristics of the oVEMP and cVEMP may provide insight concerning the peripheral origin of the two responses. Specifically, Zhang et al. (2011) observed the greatest AC oVEMP amplitude at ~600 Hz (n1-p1 amplitude = 3.5 uV), but noted that a second peak in the tuning curve was noted at 100 Hz (n1-p1 amplitude = 1.9 uV). They hypothesized that the 600 Hz peak was mediated by the saccule and 100 Hz by the utricle. We did not observe a second lower frequency peak, but it is possible that our 125 Hz stimulus was distorted by the 6-msec fixed duration or, conversely, our response rate at 125 Hz was too low to observe any changes in the VEMP tuning curves. used a biomechanical model to estimate the resonances of the utricle and the saccule and related those resonances to the results of their VEMP tuning experiments. They reported that the resonant frequency of the saccule end organ was higher than the resonant frequency of the utricle but showed that both cVEMPs and oVEMPs were tuned to AC tone bursts around 400 to 800 Hz and to vibration around 100 Hz. They concluded that the resonance they observed was the result of the end organ, electrical resonance of the hair cell ionic currents, and the afferent fibers projecting from the end organ to the muscle. In other words, the tuning of the VEMP response is not solely due to the resonance of the end organ, but also due to multiple factors including central projections. All of these possible contributing factors can be affected by age.
CONCLUSION
The results of this investigation have shown that a range of frequencies evoke the largest cVEMP and oVEMP. The best frequency for evoking a VEMP, on average, increases for older adult patients. Accordingly, for older patients 500 Hz may not be the ideal frequency to elicit VEMPs. In fact, for some older adults in this investigation the VEMP was only present in response to tone-burst stimuli of 750 and 1000 Hz. These changes may represent the accumulated effects of age on the electrical resonance of the hair cells, or, age-related changes in the mechanical properties of the otolith end organs. In cases where the VEMP response is absent at 500 Hz we recommend that attempts be made to evoke the VEMP with a tone burst of 750 or 1000 Hz.
